The study of both DNA and protein technologies has been marked by unprecedented achievement over the last decade. The completion of the Human Genome Project in 2001 is representative of a new era in genomics; likewise, proteomics research, which has revolutionized the way we study disease, offers the potential to unlock many of the pathophysiologic mechanisms underlying the clinical problems encountered by orthopaedic surgeons. These new fields are extending our approach to and investigation of the etiology and progression of musculoskeletal disorders, notably rheumatoid arthritis and osteoarthritis. Advances in proteomics technology may lead to the development of biomarkers for both rheumatoid arthritis and osteoarthritis. Such biomarkers would improve early detection of these diseases, measure response to treatment, and expand knowledge of disease pathogenesis.
R heumatoid arthritis (RA) and osteoarthritis (OA) are two of the most common chronic musculoskeletal disorders worldwide. 1 A survey conducted by the American Academy of Orthopaedic Surgeons reported that 7.3 million orthopaedic procedures were performed in US hospitals in 1995. Of these, OA and back pain were the most commonly treated problems. Musculoskeletal disorders as a whole account for $215 billion each year in health care costs and loss of economic productivity. 2 Less common than OA, RA affects 1% of the population worldwide. 3, 4 Although the long-term prognosis for RA likely will improve with new pharmacologic therapies, the disease remains a difficult problem. Average life expectancy of affected patients is reduced by 3 to 18 years, and 80% of patients are disabled after 20 years. 5, 6 On average, the annual cost of each case of RA in the United States is approximately $6,000. 6 Although contemporary drugs are effective, our ability to diagnose RA with a high degree of sensitivity and specificity remains limited. The development of a diagnostic assay-the identification of a biomarker for RA-would enable the delivery of new effective therapies earlier in the disease stage, possibly before signs of joint destruction manifest. Despite the many advances in our understanding of the pathophysiology of both RA and OA, identifying the etiology of these disorders continues to be elusive.
We are, however, in the midst of a revolution in research design, tech-niques, and capabilities. Proteomics, the large-scale analysis of proteins, is emerging as a field that holds great promise for unlocking many of the pathophysiologic mechanisms of disease ( Table 1) .
Development of Proteomics
Over the past 25 years, highthroughput sequencing of DNA has revolutionized the way we view disease and conduct biomedical research. With the development of the polymerase chain reaction and the automated DNA sequencer, as well as with the completion of the Human Genome Project, the highthroughput, large-scale approach has become a clear requisite to understanding the complex pathophysiologic mechanisms underlying human diseases. High-throughput analysis of DNA using sequencing techniques, DNA microarrays, and cellular and molecular biology has formed the foundation of genomics.
However, the accumulation of enormous amounts of DNA sequence data does not necessarily translate into an understanding of biologic function. In fact, there is no absolute correlation between gene expression via messenger RNA and protein end products. 7 Proteomics thus is complementary to genomics because of its focus on the identification and characterization of gene products (ie, proteins). Proteomics is the necessary next step for biomedical research because proteins, not DNA, are the actual mediators of biologic functions within cells as well as of pathophysiology in disease states.
The human genome contains approximately 40,000 genes, whereas the human proteome is estimated to contain more than 1 million proteins. 8 More than 300 posttranslational modifications (PTMs) already have been discovered. Examples include acetylations, carboxylations, and phosphorylations. Each PTM can exist in multiple combinations and various cleaved or spliced forms. 8 Hence, the multidimensionality of proteins compared with that of nucleic acids renders their study much more complicated.
Proteomics encompasses many technical disciplines, including light and electron microscopy, array and chip experiments, genetic read-out experiments such as the yeast twohybrid assay, and mass spectrometry (MS). Of these various disciplines, MS-based proteomics is the technique of choice for high-throughput analysis of complex protein samples for clinical applications. As our knowledge of the proteins involved in disease pathogenesis expands from mass spectrometric analysis of such complex protein mixtures as serum, urine, and synovial fluid, the protein microarray may become the high-throughput assay that is most efficacious as a diagnostic tool for disease.
Development of MS-based proteomics has been facilitated by several recent advances. Biologic MS evolved in the 1990s as a tool for rapid, powerful large-scale protein analysis, enabling scientists to overcome the limitations of protein analysis imposed by two-dimensional gel electrophoresis. 9 In addition, major advances in protein ionization with MS techniques have greatly expanded the power of this tool.
MS of individual proteins offers the ability to identify nearly any protein, analyze the protein for the presence of PTMs, characterize its protein-protein interactions, and provide structural information about the specific protein in gas-phase experiments. However, MS of individual proteins does not equate to MS-based proteomics. Proteomics requires a high-throughput simultaneous analysis of many proteins in a specific physiologic state. At present, the advances in proteomics have translated into very few clinically useful applications.
Nevertheless, each technologic breakthrough permits a new type of measurement or improves the quality of data or data analysis, thus expanding the range of potential applications for proteomics research. Our group is using MS-based proteomics to analyze the complex proteins from patients with early and endstage RA and OA. We hope to identify specific biomarkers and potential new etiologic factors in these diseases.
Overview of Mass Spectrometry-Based Proteomics
Traditionally, proteins have been identified using one of three techniques: amino acid sequencing using Edman degradation, immunoassays using antibodies for specific epitopes, or MS. These techniques require purified protein and are labor-intensive, low-throughput technologies, especially compared with the contemporary high-speed automated DNA sequencers currently in use for genomics studies, which allow sequencing of 96 bases every 2 hours.
Appreciating the power of MSbased proteomics requires understanding the basic operating mechanism of the mass spectrometer as well as the method of its implementation in proteomics research. The operating principle of all mass spectrometers is based on assignment of an electrical charge to peptide fragments. These fragments are sent through an analyzer under vacuum to detect the mass-to-charge ratio of the peptides. The two most commonly used techniques to volatize and ionize the proteins or peptides for mass spectrometric analysis are electrospray ionization (ESI), which ionizes the analytes out of a solution, or matrixassisted laser desorption/ionization (MALDI), which sublimates and ionizes the analytes from a crystalline matrix using laser pulses. 10 ESI-MS is preferred for the analysis of complex mixtures of proteins, whereas MALDI is commonly used for less complex protein mixtures because of its simplicity, excellent mass accuracy, high resolution, and sensitivity. Generally, ESI-based spectrometry is the more efficacious for studying the complex protein mixtures involved in musculoskeletal research.
ESI is normally used in conjunction with an ion trap analyzer, an instrument that "traps" ions for a given time before subjecting them to MS or tandem mass spectrometry (MS/MS) analysis. 11 In proteomics research, one of the most common configurations for ESI on the mass spectrometer is the time of flight (TOF). TOF measures the time of flight of an ion as it traverses a cylindrical tube (ion trap); the longer the time to traverse the tube, the higher the mass of the peptide fragment ( Figure 1 ). Although first-generation three-dimensional ion traps had relatively low mass accuracies, the newer two-dimensional ion traps In mass spectrometers that employ an ion trap analyzer, inlet focusing focuses incoming ions (peptides) within the ion trap. Top and bottom ring electrodes generate a radio frequency in order to isolate specific mass-to-charge ratios. End cap electrodes separate the entering peptides into their constituent amino acids. The exit lens efficiently moves the peptide fragments to the detector within the mass spectrometer. have high sensitivities, mass accuracies, resolution, and dynamic ranges.
Use of Mass Spectrometry to Generate Protein Identifications
Whole proteins are rarely studied on mass spectrometers because most are too large to ionize effectively. Accordingly, most proteins are first digested by specific proteases (eg, trypsin) into peptide fragments before MS analysis (Figure 2) .
Currently, no technique or instrument exists to both quantify and identify proteins in complex mixtures in a one-step process. Thus, a method of separating mixtures of proteins before analysis on a mass spectrometer is needed. The two most common methods of sample preparation for MS are twodimensional gel electrophoresis (2DE) and liquid chromatography (Figure 3 ). In 2DE, proteins are stained, and each protein "spot" is quantified based on the intensity of the stain. These spots are removed from the gel individually and digested with specific proteases before undergoing MS analysis and peptide identification (Figure 4) .
Resolution and dynamic range with 2DE are limited in comparison with those achievable with highpressure liquid chromatography (HPLC). The most popular method for incorporating HPLC in proteomics platforms is two-and threedimensional chromatographic separations. Two-dimensional chromatographic separations use strong cation exchange and reversed-phase separation; three-dimensional separations employ strong cation exchange, avidin, and reversed-phase separation.
After protein separation, ESI is coupled with ion traps to construct collision-induced dissociation (CID) spectra with the mass spectrometer. 12 A peptide CID spectrum generated from MS analysis can be compared with a comprehensive protein sequence database using various algorithms ( Figure 5) .
Generally, three methods are used to identify proteins from CID spectra. 10 One method uses peptide sequence tags, which are short peptide sequences specific to a particular protein that are derived from a spectrum's peak pattern. Peptide sequence tags can be used with the Complex protein mixtures (serum in this example) are first digested with a specific protease, such as trypsin, into peptide fragments before separation on twodimensional gels or liquid chromatography (LC). The eluent is then analyzed by mass spectrometry (MS). HPLC = high-pressure liquid chromatography
Figure 3
The two most common methods of sample preparation for mass spectrometry: two-dimensional gel electrophoresis (top) and liquid chromatography (bottom). Strong cation exchange separates proteins based on their charge. Ultraviolet laser is used to quantify the amount of peptide within each separated fraction. LC = liquid chromatography, MS = mass spectrometry, SCX = strong cation exchange, UV = ultraviolet laser
Figure 4
Gel spots are selectively removed from the gel. The proteins from each band are eluted from the gel and analyzed on the mass spectrometer in tandem. They are then compared to a database of protein sequences to generate probable protein identifications.
Figure 5
A peptide collision-induced dissociation spectrum generated from mass spectrometric analysis is compared with a comprehensive protein database using various algorithms to generate protein identifications. MS = mass spectrometry mass information to determine the "parent" protein. A second method, cross-correlation, uses the theoretic spectra derived from protein databases; a comparative analysis of these spectra with those from the experimental sample yields a matched spectrum and the likely identity of the protein. In the third method, probability-based matching, the calculated fragments from peptide sequences in the database are compared with observed peaks; a score is then generated that correlates to the statistical significance that a given spectrum matches a peptide from the database. Thus, with MS-based proteomics, identification of proteins is limited to species whose proteome has been extensively characterized into protein databases.
Recent Developments
New methods of combining MS techniques, known as tandem mass spectrometry (MS/MS), have facilitated unprecedented sensitivity and specificity for identifying individual proteins within complex protein mixtures, such as serum or urine. Thus, the goal of determining the proteome of body tissue in specific disease states is becoming a reality.
The development of liquid chromatography-tandem mass spectrometry (LC-MS/MS) is the foundation on which MS-based proteomics is built. 10, 13, 14 Theoretically, this method of protein analysis can detect very low abundance proteins in a complex mixture of peptides, although significant quantities of protein sample are required and the technique can be tedious. The basic techniques behind LC-MS/MS were pioneered by Hunt et al 13 during their study of major histocompatibility complex class I-associated peptides. Generally, complex protein mixtures are digested with trypsin, usually after preseparation by one-dimensional gel electrophoresis. The peptides are loaded on two-or three-dimensional liquid chromatography columns, and the eluents are analyzed by MS or MS/MS.
MS is a relatively poor instrument for quantification of proteins because of the poorly understood relationship between the measured signal intensity and the quantity of analyte present. As a result, quantitative techniques have been developed for use with LC-MS/MS; the most popular is stable isotope dilution. 15, 16 In this method, analytes with the same identity but different stable isotope composition are easily distinguished by MS because of their mass difference. Quantification is achieved using the ratio of signal intensities from the isotopic pairs.
Protein Microarrays
The generation of profiles of gene expression with DNA arrays has become a powerful tool for studying disease pathogenesis. These arrays have been most effective in delineating the associations between gene expression and specific phenotypes within a particular disease. The most widely researched clinical area using DNA microarray technology is the study of cancers. In a series of studies analyzing breast cancer tissue, for example, DNA microarrays were used to identify differences in gene expression among a series of breast tumor biopsies that allowed for subtyping of these tumors into a basal epithelial-like group, an ErbB2-overexpressing group, and a normal breast-like group. 17, 18 A subsequent study was able to demonstrate a difference in outcomes for subjects within each of the subtype cohorts even though patients received the same therapy. 19 These studies demonstrate the potential usefulness of DNA microarrays in elucidating clinically helpful differences in gene expression among subtypes of specific diseases. However, the inability to detect differences in gene expression represented by proteins directly from biologic fluids is a serious limitation of DNA microarrays. As a result of (1) the lack of a strict linear relationship between DNA expression and the existence of protein end products, (2) the plethora of PTMs intrinsic to most proteins that are not represented by their corresponding DNA sequences, and (3) the inability to directly analyze biologic fluids for biomarkers of disease, the development of protein microarray technology is a major focus in proteomics research.
Protein microarray technology is still in its relative infancy because of the complexity of proteins relative to DNA analysis. One of the key limiting factors for generating protein microarrays with utility for studying specific disease states is the lack of known protein targets for individual diseases. This barrier will likely require more disease-specific data, which will allow a clearer picture of the potential "protein players" involved in specific diseases. Such an insight is likely to result from proteomics studies using MS that deliver high-throughput profiles directly from biologic tissues and that provide the potential protein targets for assimilation onto protein microarrays.
Proteomics Research Efforts in Osteoarthritis and Rheumatoid Arthritis
Three issues underscore why research into the etiologic mechanisms of OA and RA are ripe for proteomics technology, and for LC-MS/MS in particular. First, the etiologic factors that cause OA or RA remain unknown. Second, proteomics techniques are just starting to be employed in the study of these two disorders. Finally, as a result of limits imposed by preproteomics-era techniques for protein analysis-namely, gel electrophoresis-strategies to identify potential etiologic factors and to determine their protein interactions have focused on hypothesisdriven research. This approach builds on what is already known about a specific disease or mecha-nism, and it logically investigates plausibly important candidate genes or proteins, one by one. However, the ability to analyze complex mixtures of proteins with highthroughput techniques that permit simultaneous analysis of thousands of proteins has encouraged the development of a discovery-based approach. 20 Still, this discovery-based approach to investigating disease pathogenesis using high-throughput analysis of complex protein mixtures from diseased tissue has not yet been applied to the study of OA or RA.
Currently, RA is diagnosed primarily by criteria from clinical disease manifestations and the presence of rheumatoid factor (IgM-RF) in the serum. Rheumatoid factor is suboptimal because its relatively low specificity and sensitivity limit its diagnostic usefulness in the early phases of disease. Although other autoantigens (including RA33, Sa, p68, calpastatin, perinuclear factor, and antiperinuclear factor) are being studied, none has demonstrated the kind of specificity and sensitivity for RA that translate into a reliable tool for early disease detection. [21] [22] [23] [24] The need for a reliable biomarker to detect RA early in the disease is particularly perplexing because most of the contemporary antirheumatic therapies target the disease in its early phases.
Only radiographic and clinical criteria are used to diagnose OA; no biochemical markers for diagnosis have been developed. Thus, diagnosis of OA is usually made clinically once the destruction of articular cartilage is well advanced. Again, the most novel therapeutic interventions, such as cytokine receptor antagonists, are used to stop disease progression in its early stages.
Determination of a protein profile distinct for OA and RA, as well as the identification of candidate proteins involved in the pathogenesis of these diseases, may represent two ideological outcomes from one set of investigations. In other words, the protein profiles determined from an attempt at the complete characterization of the proteome of diseased tissue at various stages of OA and RA may yield proteins that can serve both as potential biomarkers and as plausible candidate proteins for further study. In fact, biomarker acquisition is only a critical first step in a multistep progression to determine the etiologic factors behind OA and RA and, ultimately, to develop therapeutic agents aimed at halting disease progression.
Current Applications in the Study of Protein Profiles
Although genomics studies have outpaced proteomics applications in the study of OA and RA, early reports on proteomics techniques in arthritis research are surfacing. Ibrahim and Paleolog 25 cite a study by Kato and coauthors on the comparison of protein profiles from serum in patients with RA versus those with OA. 25 In the cited study, 2DE was used to separate the tryptically cleaved peptides derived from normal articular chondrocytes and utilized mass fingerprinting to identify the proteins. Western blotting was then used to detect antigenic protein spots to 20 samples from patients with OA and RA; recombinant fusion proteins with the identified proteins were used to confirm their antigenicity; and enzyme-linked immunosorbent assay was utilized to determine their clinical significance in serum samples from patients with OA and RA. Using this method, four proteins were identified, including human triose phosphate isomerase, as predominantly present in patients with OA. Although there were several limitations to this study, it demonstrates the potential power of proteomics techniques to compare large sets of proteins quickly.
Dasuri et al 26 recently documented their attempt to determine the proteome of fibroblast-like synovial cells derived from patients with late RA using 2DE and MALDI MS. The synovial cells were cultured and subsequently digested before separation with 2DE and MS. The authors were able to identify 254 proteins in fibroblast-like synovial cells, including those implicated as normal physiologic proteins (ie, uridine diphosphoglucose dehydrogenase, galectin 1, and galectin 3) and proteins thought to be potential autoantigens in RA (eg, BiP, colligin, HC gp-39). This study also demonstrates the potential power of proteomics technologies to yield high throughput in a relatively short time.
Summary
Implementation of proteomics technology may enable identification of protein profiles and potentially new candidate biomarkers and new potential candidate proteins involved in the pathogenesis of both OA and RA. Insights gained from proteomics technology could result in the development of sensitive and specific biomarkers for both OA and RA. These biomarkers would improve our ability to detect these diseases early in their progression and also measure response to treatment. In addition, the novel candidate proteins identified by using these techniques would likely expand our knowledge of disease pathogenesis and yield valuable therapeutic targets for new drug development.
